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Abstract
Sulfate-supported iron–chromium mixed oxide pillared clay was prepared varying the sulfate loading from 1 to 5 wt% by the incipient wetness
method and characterized by low-angle XRD, BET surface area, and ammonia TPD. All the samples were found to be stable up to 500 ◦C having
the basal spacing >17.7 Å even after sulfate impregnation. Formation of strong Lewis acid sites and decrease in the number of Brønsted acid
sites due to the sulfate loading were observed from the ammonia TPD curve. Catalytic properties of the sulfated materials were evaluated with
the help of methanol conversion and aromatic alkylation reactions and correlated with the surface area and TPD results. For methanol conversion,
decomposition product selectivity increases due to the sulfate addition. A negligible decrease in the surface area and a substantial increase in the
catalytic activity were observed due to the sulfate loading of 1–2 wt%. However, a significant decrease in the surface area as well as catalytic
activity was observed for the 3 wt% and above sulfate loaded samples which may be due to the partial blockage of pores by excess sulfate. Results
shows the importance of acidity of the material due to sulfate loading (up to 2 wt%) and thus can be used as a better acid catalyst.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
Insertion of metal oxide pillars into the interlayer region
of the smectite group of clays lead to the development of a
new class of thermally stable solids having micropores larger
than those in zeolites [1]. In particular, insertion of transition
metal oxide pillars received much interest as pillars are them-
selves catalytically active for a number of reactions [2,3]. In this
context, several attempts to introduce mixed oxide pillars by
different methods were also repor ed. However, most of these
involve oxide species such as CrOx , FeOx , GaOx , or rare earth
metal oxide with aluminum oxide [4–7]. In particular, reports
on mixed oxide transition metal pillared clays are still limited
[8,9]. In certain cases it was observed that the mixed oxide
pillared materials exhibit enhanced surface area and also sur-
face acidity in comparison with single oxide pillared materials.
* Corresponding author. Fax: +91 657 2270527.
E-mail address: drtmishra@yahoo.com (T. Mishra).
Similarly, in our earlier report on iron–chromium mixed oxide
pillared clay, higher basal spacing and better catalytic activity
were noted [9].
Recently, anion-supported pillared clay also attracted the at-
tention of number of researchers due to the enhancement of
acidity and catalytic activity [10–14] similar to that of sul-
fated metal oxides. As far as catalytic activity is concerned
the regular pore size of pillared clay has the advantage over
the simple metal oxide systems. However, decreasing surface
area and thermal stability of the pillared material due to sul-
fate impregnation were the main bottleneck problems [11]. In
this context sulfate incorporation from the precursor solution
was suggested to be beneficial [14]. Therefore, there is still a
need for a detailed investigation on the effect of anion load-
ing on the textural and catalytic activity of the pillared material.
On the other hand, it was also reported that sulfated iron ox-
ide [15] can behave as a superacid similar to that of sulfated
zirconia and titania. However, most of the reported studies were
confined to the sulfated titania and zirconia pillared systems.
In particular, there is no report on the sulfate-supported tran-
0021-9797/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
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sition metal mixed oxide pillared clay systems. Therefore, it
seems to be interesting to study sulfate-supported mixed metal
oxide pillared systems so as to understand the effect of sulfate
on the physicochemical properties of mixed oxide pillared clay.
In this context, the present paper deals with the characteriza-
tion and catalytic activity of sulfate-supported iron–chromium
mixed oxide pillared clay. Alcohol dehydration and aromatic
alkylation reactions were used to understand the effect of sul-
fate on the catalytic behavior of the material.
2. Experimental
2.1. Material preparation
Sodium-exchanged montmorillonite of the Mainburg area,
Germany, having an ion-exchange capacity of 85 meq/100 g
and surface area of 85 m2/g was used as the starting material
for the pillared clay preparation. Aqueous solutions of trinu-
clear acetate complexes of iron(III) and chromium(III) were
used as precursors. Both complexes were prepared according to
the reported methods [16,17] and used as such. Pillared mate-
rials were prepared as per the general method given earlier [9].
In this experiment the total metal complex to clay ratio was
maintained at 30 mmol/g instead of 20 mmol/g by varying the
Fe(III) to Cr(III) ratio from 1/29 to 5/25. It was noted that the
uptake of Fe(III) complex by the said clay is quite high in com-
parison to that of the Cr(III) complex. Therefore, it is necessary
to maintain a minimum amount of Fe(III) in the mixed solution
so as to prepare a sample having nearly the same amount of iron
and chromium content. All five samples were filter-washed and
dried at 100 ◦C for further use.
Sulfate-supported samples were prepared by the incipient
wetness method using ammonium sulfate as the source and
100 ◦C dried pillared samples as precursor. Sulfate amount was
varied from 1 to 5 wt% of the pillared clay sample. All the pre-
pared samples were calcined at 300, 400, and 500 ◦C for further
studies.
2.2. Estimation of iron and chromium in the samples
The amount of iron and chromium present in the material
was estimated by AAS (Chemito-203) after acid dissolution.
2.3. XRD analysis
XRD patterns of the clay samples oriented on glass slides
were recorded on a Philips semiautomatic diffractometer with
Ni filter using CuKα radiation from 2θ = 2◦ to 20◦. Basal spac-
ing was calculated from the d001 value.
2.4. Surface area measurement
Surface area (BET) was determined by the nitrogen adsorp-
tion desorption method at liquid nitrogen temperature using a
Quantasorb (Quantachrome, USA). Prior to the measurement,
all the samples were degassed at 120 ◦C at 10−3 Torr for 5 h.
2.5. Ammonia TPD
Ammonia TPD was performed with the help of a CHEM
BET-3000 (Quantachrome, USA) instrument in the tempera-
ture range of 30–800 ◦C. About 0.1 g of powdered sample was
taken inside a quartz U tube and degassed at 350 ◦C for 1 h
with ultrapure helium gas. After the sample was cooled to room
temperature, NH3 gas of 1000 ppm with N2 gas was passed
through the sample for 1 h. Then the ammonia adsorbed sam-
ple was purged with helium gas at 40 ◦C to remove any weakly
adsorbed NH3 on the surface. TPD was carried out at a heating
rate of 10 ◦C/min to record the spectra.
2.6. Catalytic activity
Methanol dehydration of all the samples was performed in a
fixed bed catalytic reactor (10 mm) with an on-line GC. Prior
to the reaction study all the catalysts were preheated at 300 ◦C
in a nitrogen atmosphere for 1 h. Methanol was quantitatively
supplied to the reactor from a continuous microfeeder (Orion,
USA) through a vaporizer using nitrogen as the carrier gas. All
the connections from reactor to the GC were heated at 120 ◦C
by a heating tape to avoid condensation of alcohol or the liquid
products inside the apparatus. Reaction products were analyzed
by means of an on-line GC (Sigma, India) in FID mode using a
Porapaq Q column.
Alkylation of benzene and substituted benzenes with iso-
propanol was studied in a micropulse catalytic reactor (Sigma,
India) with an on-line GC. Prior to the reaction, all the catalysts
were preheated inside the reactor in a nitrogen atmosphere at
300 ◦C for 1 h. The volume of each pulse (mixture of benzene
and isopropanol) was maintained at 1 µL. The catalytic reaction
was studied using all the prepared sulfated materials varying the
isopropanol to benzene ratio and temperature. Products were
analyzed with the help of a 10 ft SS column with 10% TCEP.
3. Result and discussion
3.1. Intercalation
The uptake of chromium(III) and iron(III) complexes from
their mixed aqueous solution by the sodium-exchanged mont-
morillonite is presented in Table 1. Similar to the earlier obser-
vation [9], the total complex uptake increases with the increas-
ing Fe to Cr ratio in the solution. In all the cases the iron(III)
uptake percentages from the solution is quite high in compar-
ison to that of chromium(III) uptake which proves the higher
affinity of the clay toward the iron(III) acetate complex. Earlier
it was proposed that the high affinity might be due to the forma-
tion of polymeric species due to the slow partial hydrolysis of
the iron(III) complex in aqueous solution. Therefore, here one
sample was prepared using methanol as the solvent instead of
water to avoid the hydrolysis to some extent. However, the up-
take of iron(III) complex by the said clay remains nearly same.
On the other hand iron(III) present in the clay layer may acts as
a nucleation center where possible agglomeration takes place,
thus increasing the iron uptake. Therefore it is difficult to give
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Table 1
Variation in Cr(III) and Fe(III) uptake due to the variation in the iron to chromium ratio in the mixed complex aqueous solution
Samples Fe/Cr in the
solutiona
Fe(III) in the clay
(wt%)
Cr(III) in the clay
(wt%)
Fe(III) intercalated
(wt%)
Cr(III) intercalated
(wt%)
Fe/Cr in
the pillar
Fe/Cr in
the material
1 1/29 4.1 0.02 4.86 8.82 0.551 1.016
2 2/28 4.1 0.02 7.16 6.75 1.061 1.668
3 3/27 4.1 0.02 8.84 5.22 1.693 2.479
4 4/26 4.1 0.02 9.77 4.47 2.186 3.103
5 5/25 4.1 0.02 10.38 3.98 2.608 3.638
a Iron to chromium ratio (Fe/Cr) is used as sample code.
Table 2
Basal spacing and surface area of prepared samples calcined at different tem-
peratures
Sample
code
SPCPa Basal spacing (Å) Surface area (m2/g)
110 ◦C 300 ◦C 500 ◦C 300 ◦C 500 ◦C
1/29 – 21.8 18.0 17.7 230 276
2/28 – 21.9 18.0 17.8 234 278
3/27 – 22.0 18.1 17.8 236 279
4/26 – 22.3 18.3 17.9 236 281
5/25 – 22.4 18.4 17.9 239 284
2/28 + 1.0S 4.977 21.8 18.0 17.7 229 274
2/28 + 2.0S 9.954 21.9 18.1 17.8 228 269
2/28 + 3.0S 14.93 21.9 18.1 17.8 201 238
2/28 + 5.0S 24.885 21.9 18.1 17.8 152 178
5/25 + 2.0S 9.683 22.4 18.5 17.9 229 268
a SPCP indicates the sulfate wt% corresponding to oxide pillars only.
an exact reason for the higher uptake of the iron(III) complex
in a mixed solution as both complexes have nearly the same
molecular size.
It is well observed (Table 1) that with the increase in the to-
tal metal ion to clay ratio from 20 mmol/g [9] to 30 mmol/g,
the complex uptake increases. Among all the prepared samples,
2/28 contains nearly equal amount of iron and chromium in
the pillars as the ratio is 1.06. Therefore, for further study we
have used this sample for sulfate impregnation. For comparison
a 5/25 sample is also used. Ammonium sulfate is used as the
source of sulfate ion to avoid the probability of destruction of
pillars in the presence of strong acids like H2SO4. In the sample
code sulfate is expressed as “S” with the amount added (wt%).
3.2. Textural properties
From the low-angle XRD it is observed that all the samples
are stable up to 500 ◦C even after sulfate impregnation. Basal
spacing is determined after calcinations at 300 ◦C or above as
both complexes decompose at around 300 ◦C. A little difference
in d001 basal spacing (Table 2) is observed due to the variation
in Fe/Cr ratio. Basal spacing slightly increases with the increase
in total metal ion uptake. Even after sulfate impregnation there
is no change in the basal spacing in the sample. It seems that
sulfate addition in low quantities through ammonium sulfate
has no major effect toward the pillar structures as reported ear-
lier [11]. However, there is a little decrease in the surface area
due to the sulfate addition up to 2 wt% in the sample. Partic-
ularly, a substantial decrease in the surface area is noted when
sulfate loading increases above 2 wt%.
Fig. 1. Presentation of the proposed interaction of sulfate ion with the pillared
clay.
Based on the surface area result, we would like to put for-
ward an hypothesis (Fig. 1) on the type of interaction of the
sulfate group with the pillared clay. Probably, sulfate prefer-
entially goes to the pillars and hence a negligible decrease in
the surface area for 1 and 2 wt% sulfated samples as shown
in case I. After saturation of the pillar surfaces excess sulfate
probably prefers the clay surface which may results in partial
blockage of the pore opening as in case III. Hence the decreas-
ing surface area is observed for a 3 wt% and above sulfate
loading. Had there been a case II type of interaction in the first
stage of sulfate addition (1–2 wt%), then an appreciable de-
crease in the surface area should have been observed. Again,
had there been uniform dispersion of sulfate on the material
surface then an appreciable decrease in the surface area should
not have occurred at 3–5 wt% sulfate loading. However, taking
into account the sulfate weight percentage corresponding to the
oxide pillars only (SPCP) (Table 2) nearly 10 wt% of sulfate
covers the pillars without decreasing the surface area. So also
for sulfated metal oxide systems a decrease in the surface area
and catalytic activity was reported [18] when sulfate loading in-
creases above 10 wt%. Of course, the interaction of sulfate with
the pillared clay may be more complex in the real system and
at this stage we do not have enough proof to strengthen the pro-
posed hypothesis.
3.3. Ammonia TPD
Generally, sulfate groups generate both strong Lewis and
Brønsted acid sites when adsorbed to metal oxide surfaces. Sul-
fate species are itself Lewis acids or by attracting electrons, they
generate Lewis acid centers on the oxide surfaces. The presence
of these Lewis acid sites increases the Brønsted acid strength of
the surface hydroxyl groups. The ammonia TPD is generally
used [19] to characterize the acid site distribution and also to
obtain the quantitative amount of acid sites in the temperature
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Fig. 2. Ammonia TPD curves of different samples calcined at 500 ◦C: (a) 2/28,
(b) 2/28 + 1.0S, and (c) 2/28 + 2.0S.
range. In the TPD profile (Fig. 2) only two peaks were observed
for the simple pillared clay (a). The initial peak (90–120 ◦C)
which was observed in all three cases is due to the presence
of weak acid sites. This peak more or less remains the same
even after the sulfate addition. Peak (B′) observed within 300–
350 ◦C is mostly due to the ammonia desorption from Brønsted
acid sites [20,21]. Interestingly, due to the sulfate addition a
new intense peak (L′) is observed within 450–600 ◦C, which
may be corroborated with the presence of strong Lewis acid
sites [20,21]. A similar observation was reported for sulfated
zirconia [22] and titania–zirconia [20] systems. For a 2 wt%
sulfate loading again a peak within 300–350 ◦C is observed
which may be assigned to the NH3 desorbed from Brønsted acid
sites [20]. However, the peak due to the presence of Brønsted
acid site is less intense for sulfated samples. It seems that strong
Lewis acid sites are formed at the cost of some of the Brønsted
acid sites due to the sulfate addition. In total the TPD profile of
sulfated iron–chromium mixed oxide systems is quite compa-
rable to that of sulfated metal oxide systems. For samples (b)
and (c), another strong peak (S′) is observed at around 650 ◦C
jointly with the L′ peak, which may be due to the decomposi-
tion of a sulfate group [20]. So the intensity of this peak also
increases with the increasing sulfate content.
3.4. Methanol conversion
Usually methanol conversion over acidic catalysts gives
three types of products: (a) C2 or higher hydrocarbons, (b) di-
methyl ether (DME), and (c) decomposition products of DME
(CO + CH4). Table 3 indicates an increase in the total conver-
sion as well as C2+ hydrocarbon selectivity due to the sulfate
addition up to 2 wt% at all temperatures which can be corrob-
orated to the increasing number of acid sites. However, above
2 wt% sulfate there is a decrease in total conversion as well
as the selectivity of C2+ hydrocarbons. Partial pore blocking
due to the accumulation of sulfate on the surface, which re-
stricts the available sites for the catalytic reaction may be the
reason for the observed decrease in conversion and selectivity
at higher sulfate contents. This again supports our proposed
case III structure in Fig. 1 where accessibility of acid sites
inside the pores is limited to some extent. Interestingly, the
amount of chromium oxide and iron oxide present in the sample
Table 3
Methanol conversion at different temperatures on different samples
Tempera-
ture (◦C)
Methanol conversiona (mol%)
2/28 2/28 + 1.0S 2/28 + 2.0S 2/28 + 3.0S 5/25 + 2.0S
300 11.4 (0.255) 14.5 (0.33) 16.7 (0.49) 13.6 (0.27) 16.5 (0.48)
350 26.5 (0.43) 36.4 (0.64) 45.5 (0.98) 34.0 (0.62) 45.0 (0.96)
400 47.8 (0.948) 62.5 (1.1) 74.0 (1.29) 60.5 (1.13) 73.4 (1.26)
450 77.5 (1.05) 84.5 (1.19) 95.4 (1.37) 81.6 (1.18) 94.6 (1.36)
a Numbers in the parentheses are the ratio of C2+ hydrocarbons to DME.
Fig. 3. Product selectivity of methanol conversion at 400 ◦C over different sam-
ples.
also plays some role for the hydrocarbon selectivity even after
sulfate impregnation as observed for the 5/25 + 2.0S sample.
Out of the 2 wt% sulfated samples (2/28 and 5/25), 2/28
with a higher chromium content showed higher hydrocarbon
selectivity. On the other hand decomposition product selectivity
increases with the increase in iron oxide content in the samples
(Fig. 3).
Again with the increase in the sulfate content the decompo-
sition product selectivity also increases particularly at higher
temperatures. This may be due to the presence of strong acid
sites which bind the primary products after formation, thus cre-
ating the opportunity for the secondary reactions. It seems that
the increasing sulfate content facilitates the secondary reaction,
thus increasing the selectivity of both C2+ hydrocarbons and
the decomposition products.
From the ammonia TPD it is clear that the sulfated samples
mostly contain strong Lewis acid sites comparable to the other
sulfated metal oxide systems. On the other hand, dehydration
of methanol to hydrocarbons proceeds mostly on Brønsted acid
sites [23]. So it is difficult to give an appropriate explanation for
the remarkable increase in hydrocarbon selectivity for sulfated
samples.
3.5. Alkylation of benzene
In the alkylation reaction only sulfated samples were used
due to their better catalytic activity in the methanol con-
version reaction. Gas-phase alkylation of benzene with iso-
propanol generally gives cumene and propene as major and
1,3-diisopropyl benzene and 1,4-diisopropyl benzene as mi-
nor products. In the cumene formation the benzene to iso-
propanol ratio also plays an important role. At low benzene
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Fig. 4. Cumene formation from alkylation of benzene at different temperatures.
Fig. 5. Propene formation from alkylation of benzene at different reaction tem-
peratures.
to isopropanol ratios propene selectivity is more even at low
temperatures. In this study all the experiments were carried out
with a benzene to isopropanol ratio of 12. It is observed that the
cumene selectivity increases with the increase in temperature
up to 215 ◦C and then decreases (Fig. 4). However, the propene
formation is low up to 215 ◦C and then suddenly increases with
increasing reaction temperature (Fig. 5). So it appears that at
higher temperatures isopropanol mostly dehydrates directly to
propene without further interaction with benzene, thus decreas-
ing the cumene selectivity.
Formation (<2 mol%) of 1,3-diisopropyl benzene is noted
within the temperature range of 190–210 ◦C for the sulfated
samples. However, formation of 1,4-diisopropyl benzene is
negligible. Above all, there is a substantial increase in the iso-
propylation activity due to the sulfate loading which may be
corroborated with the increasing numbers of acid sites.
It is well known that the alkylation of benzene with iso-
propanol/propene is an acid-catalyzed reaction and mostly
takes place on the Brønsted acid sites of zeolites [24]. However,
from the ammonia TPD it is evident that the sulfated material
mostly contains strong Lewis acid sites and few Brønsted acid
sites. Therefore, similar to that of methanol dehydration again
there is a need to explain the increase in the cumene forma-
tion for sulfated catalysts. In the reaction mechanism the first
step involves the dehydration of isopropanol to propene and
water. The dissociative adsorption of generated water from the
dehydration process could transform the available strong Lewis
acid sites to Brønsted sites. In fact, this type of transformation
Fig. 6. Isopropylation of substituted benzenes over sulfated materials at 215 ◦C.
was reported for alcohol dehydration on ZrO2–TiO2 and ZrO2–
Al2O3 mixed oxides [19] and tungstated ZrO2 [25]. Probably
this is the reason for the higher conversion and hydrocarbon
selectivity in the methanol dehydration reaction also.
The same catalysts are also used for the alkylation of a series
of substituted benzene with isopropanol at 215 ◦C. From Fig. 6
it is observed that the isopropylation of benzene and chloroben-
zene is highest and lowest, respectively. However, the alkylation
of toluene is expected to be more favorable than benzene due
to the electron-releasing nature of the methyl group [26]. On
the contrary, the yield of alkylated product is slightly higher
for benzene which is difficult to explain at this stage. Diffu-
sion of toluene inside the pores may be slow in comparison to
that of benzene due to the difference in their molecular size
and hence the decrease in the yield. Higher paraselectivity is
noted for both toluene and chlorobenzene alkylation. This may
be due to the steric factor of the pores of the catalysts which
prohibits the ortho substitution. This type of high paraselectiv-
ity was also noted for the nitration of substituted benzenes on
pillared clay [27]. In total, 2 wt% sulfate loaded samples show
the highest alkylation activity and hence can be better utilized as
solid alkylation catalysts. In particular, the 2/28 + 2.0S sample
exhibits better catalytic activity than the 5/25 + 2.0S sample.
4. Conclusion
Stable sulfate-supported iron–chromium mixed oxide pil-
lared clay with enhanced catalytic activity can be prepared by
the aqueous impregnation method using ammonium sulfate as
the source. Prepared materials were found to be stable up to
500 ◦C having a basal spacing of >17.7 Å. A little decrease
in the surface area was observed due to sulfate loading up to
2 wt%. However, sulfate loading above 2 wt% significantly de-
creases the surface area as well as catalytic activity which may
be due to the pore blocking by sulfate species. The formation
strong Lewis acid sites at the cost of some of the Brønsted acid
sites was evident from the ammonia TPD profile of sulfated
samples. Irrespective of reaction temperature C2+ hydrocarbon
and decomposition product selectivity increase due to the sul-
fate loading. Among all the prepared materials, 2/28 + 2.0S
sample was found to be a better catalyst for alcohol dehydration
and aromatic alkylation reactions. Improved catalytic activity
may be due to the increase in available acid sites with the sul-
fate loading. From the above study it can be concluded that low
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sulfate loading (up to 2 wt%) can enhance the surface acidity of
the pillared clay, thus making it a better acid catalyst.
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